T here is a well-established paradigm for translation of small molecules into therapeutic agents. [1] [2] [3] this process consists of identification of lead compounds that are elaborated until a sufficient level of efficacy and safety is established for human clinical trials. [4] [5] [6] studies show that clinical trials for treatment of chronic conditions such as hypertension typically require 6 to 7 years to obtain statistically significant data regarding the safety of new drugs. [7] [8] [9] [10] we previously used in silico docking to identify the compounds capable of enhancing catalytic activity of angiotensin-Converting enzyme 2 (aCe2) to lower blood pressure and prevent cardiovascular disease. 11, 12 we used doCK5.1 (University of California, san francisco [UCsf]) to explore a structural feature in the hinge region of aCe2 (site 1, Fig. 1 ) that is implicated in conformational shuffling between the two isoforms of the enzyme. 13 a small molecule library of 139,735 compounds (molecular weight less than 500 da) from national Cancer institute (nCi) developmental therapeutics program plated set collection was docked into the selected site 1 and scored using grid-based scoring system. Compounds were ranked according to their combined energy scores for hydrogen bonding and van der waals contact interactions. the highest scoring compounds were obtained and assayed in vitro for their abilities to enhance aCe2 catalytic activity. one of the compounds, [8-(2-dimethylaminoethylamino)-5-(hydroxymethyl)-9-oxoxanthen-2-yl]4-methyl-benzenesulfonate (from here on referred to as Xnt) was shown to enhance the rate of catalysis by increasing the velocity of the enzyme approximately twofold (13) . in vivo administration of Xnt in the spontaneous hypertensive rat model induced a significant (71 ± 9 mm hg) decrease in high blood pressure and resulted in improvements in cardiac function, including reversal of myocardial, perivascular, and renal fibrosis. 14 because the molecular docking selection strategy was useful in identifying compounds that enhance aCe2 catalytic activity and lower blood pressure in vivo, in this study we applied this selection strategy to a chemical library of 1217 food and drug administration (fda)-approved compounds with extensive information on bioavailability, toxicity, and safety (distributed structure-searchable toxicity database network, www.epa.gov/ ncct/dsstox). here we report identification of specific fdaapproved compounds that enhance the catalysis of aCe2. this rapid and economical molecular docking approach can be applied to other clinically relevant proteins to explore their structural features and identify off-target effects of the small molecule compounds.
mAtErIALS And mEthodS

Molecular docking
we used the crystal structure of the apo form of human aCe2 in the open conformation (pdb id: 1r42) to provide the basis for molecular docking. 15 to prepare the site for docking, all water molecules have been removed. protonation of aCe2 residues was done with sYbYl. 16 intermolecular assisted model building and energy refinement (amber) energy scoring (van der waals + coulombic), contact scoring, and bump filtering were done in doCK5.1.0. 17,18 atomic coordinates for 1,217 fda-approved compounds were obtained from the ZinC structural database (http://zinc.docking.org). each of the molecules was positioned into the selected site (site 1) in 1000 different orientations and scored with rank based on the predicted polar (h-bonding) and nonpolar (van der waals) interactions. Compounds were selected to include protonation variants at medium ph (5.75-8.25 ). the scoring grid was set at 5 Å around the spheres selected for molecular docking. molecular surface of the structure was explored using sets of spheres to describe potential binding pockets. the sites selected for molecular docking were defined using the sphgen program and filtered through the ClUster program. 18 the sphgen program generates sets of overlapping spheres to describe the shape of the selected site. the ClUster program groups the selected spheres to define the points that are used by doCK to match (superimpose) potential ligand atoms with spheres. intermolecular amber energy scoring (van der waals + columbic), contact scoring, and bump filtering were implemented in doCK v5.1.0. UCsf Chimera software package 20 was used to generate molecular graphic images. the Uf high-performance Computing Center linux cluster was used to run docking jobs by parallel processing. the 38 highest scoring compounds (based on the combined contact and electrostatic score) were obtained from nCi developmental therapeutics program for testing in aCe2 catalytic assays.
ACE2 enzyme kinetic assays
effects of 40 top-scoring compounds selected in virtual screening were tested in fluorescence-based kinetic assays using recombinant human enzyme and fluorogenic peptide substrate. Kinetic parameters for aCe2 in the presence of selected compounds were determined under steady-state conditions in the presence of saturating amounts of the substrate. enzyme concentration was adjusted to ensure that <15% of the substrate was consumed at the lowest substrate concentration and product formation was linear with time. aCe2 assays for catalytic activity were carried out in a total volume of 100 µl, containing 75 mm tris-hCl (ph 7.4), 0.1m naCl, 0.5 µm ZnCl 2 , 10 nm aCe2, and 0.01% triton-X. small-molecule stocks were prepared by dissolving the compounds in dmso to a concentration of 50 to 100 mm; a final concentration of 50 µm was used in all screening experiments. Compounds were preincubated in black 96-well plates with 10 nm human recombinant aCe2 (enzo life sciences, plymouth meeting, pa) for 15 min at 37 °C. reactions were initiated by addition of 25 to 250 µm fluorogenic peptide substrate mca-apK(dnp)-oh (anaspec, fremont, Ca) and monitored continuously for 30 min with spectra max gemini m5 fluorescence reader from molecular devices (sunnyvale, Ca; λ excitation = 325 nm, λ emission = 395nm). initial velocities of aCe2 in the absence and in presence of 50-µm compounds were determined by measuring an increase in fluorescence upon hydrolysis of the substrate. nonlinear regression analysis and fitting of the data into michaelis− menten were done with sigmaplot software (systat software, san Jose, Ca). turnover numbers (k cat ) were calculated from the equation eC 50 values for diminazene (dmZ) were determined by fit . ting initial velocity data for aCe2 in the presence of varying concentrations of dmZ and 50 µm mca-apK(dnp)-oh into a nonlinear regression model for the four-parameter logistic hill equation
, where e corresponds to effect (initial velocity) at a given substrate concentration), e max is the maximal velocity measured, C is the drug concentration, and α is the hill coefficient of sigmoidicity.
Inner filter effect
inherent small-molecule fluorescence may alter apparent initial velocities, k cat and K m , as a result of inner filter effect (ife). ife is a reduction in fluorescence signal due to absorption of the exciting light and/or emitted radiation in the presence of a second fluorophore. as a result, only a fraction of the photons reach the fluorophores and get picked up by the detection system. for this reason, we corrected observed fluorescence (f obs ) for ife using the following equation: , where , as described in palmier and Van doren. 21
High-performance liquid chromatography analysis of Ang II cleavage
aCe2 activity assays were carried out in a total volume of 100 µl, containing 100 mm tris-hCl (ph 7.4), 0.1 m naCl, and 0.5 µm ZnCl 2 ; 10 nm aCe2 was preincubated for 5 min with 50 µm dmZ, and the reaction was initiated by addition of 50 µm substrate. reactions were monitored for the first 15 min at λ ex = 328 λ em = 392 and stopped after 2 h at 37 °C by adding 10 µl of 0.5 m edta, followed by heating to 100 °C for 2 min. samples were centrifuged at 11,600 x g for 10 min, supernatants were collected and concentrated under vacuum. the resulting residue was resuspended in 50 µl of the mobile phase b and applied to a C18 reverse-phase high-performance liquid chromatography (hplC) column (column: bondclone 10 µm, 150 × 2.1 mm [phenomenex, torrance, Ca]; hplC system: agilent 1100 series [agilent technologies, santa Clara, Ca]) with a UV detector set at 214 nm. a linear solvent gradient of 11% to 100% b over 15 min with 10 min at final conditions and 10 min reequilibration was used. mobile phase a consisted of 0.08% (v/v) phosphoric acid, and mobile phase b consisted of 40% (v/v) acetonitrile in 0.08% (v/v) phosphoric acid. the peaks corresponding to full-length peptides and peptide hydrolysis products were compared with the standards, and peak areas were integrated to calculate the extent of hydrolysis. peak identities were determined by matrix-assisted laser desorption/ionizationtime of flight (maldi-tof) spectrometry using applied biosystems Voyager system 6031 (applied biosystems, foster City, Ca). ang (1-7) resolved with a characteristic peak at m/z = 899.65, ang ii at m/z = 1046.52. 22
Statistical significance
data are expressed as mean ± sd. Unpaired student's t test and one-way analysis of variance (anoVa) were performed for statistical analysis. differences were considered significant at p < 0.01 or p < 0.001, as indicated. all statistical analysis and curve fitting were performed with sigmaplot 11.0 from systat software.
Molecular docking of FDA approved drugs
in the previous study, we used molecular docking to target three structural features on the solvent-accessible surface of aCe2 and used in vitro assays to evaluate the effect of selected small molecules on enhancing catalytic activity. 13 small molecules targeted at the aCe2 hinge region, (site 1, Figure 1 ) produced the strongest effect on enzyme activity, increasing initial velocities by ~1.8-to 2.2-fold of control levels. in this study, we used the atomic coordinates and a scoring grid of site 1 to dock a library of 1217 fda-approved compounds. 23 the coordinates of the 1217 compounds were docked into the hinge site 1 (doCK5.1, UCsf), and ranked by grid-based energy scores (van der waals + electrostatic). Figure 1 illustrates the binding pocket selected for highthroughput molecular docking and the positions of high-scoring small-molecule compounds. the functional effects of the topscoring compounds were evaluated by measuring their effects on aCe2 maximal velocity and K m .
Effects of FDA-approved drugs on ACE2 catalytic activity
the highest scoring 38 compounds were tested under saturating substrate conditions for their ability to modulate aCe2 enzyme activity in vitro. compounds producing the highest initial velocities for aCe2 were selected for further evaluation. their docking scores and kinetic parameters are reported in table 1; chemical structures  are shown in table 2 (see also table 3) . the previously described compound Xnt that increases aCe2 activity was used as a reference. Figure 3 demonstrates kinetic curves for aCe2 in the presence of selected compounds and 25 to 125 µm substrate. two of the fda-approved compounds (labetalol [lab] and diminazene [dmZ]) were shown to increase maximal velocity at least twofold (21 ± 1.92 and 41 ± 2.69 rfU·s −1 , respectively) compared to aCe2 alone (10 ± 1.30 rfU·s −1 ), whereas incubation with aprindine, minithixen, and hydroxyzine (apr, CtX, and hXZ) resulted in 2.1-to 3.5-fold reduction in K m . despite the fact that many of the compounds demonstrated enhancing effects on either V max or K m , only 3 of the selected 10 compounds had a statistically significant effect on overall enzyme efficiency (V max /K m )-hXZ, CtX, and dmZ. interestingly, some of the known antihypertensive agents were identified in this screen. for example, labetalol (2-hydroxy-5-(1-hydroxy-2-((1-methyl-3-phenylpropyl) amino) ethyl) benzamide) is an antihypertensive drug marketed as normodyne. 24 none of the compounds that significantly affect aCe2 enzyme efficiency were previously used for the treatment of hypertension or cardiovascular disease. hydroxyzine is an antihistamine used in the treatment of allergies and hyperalgesia, minithixen is a dopamine receptor antagonist used as antipsychotic, and diminazene is an antiprotozoan chemotherapeutic used in veterinary medicine. more information on the clinical uses of selected compounds can be found in the Supplemental Figures S1 and S2. the magnitude of the effect of these compounds has particular significance when compared with clinical effects of aCe inhibitors used for the treatment of hypertension, which typically inhibit enzyme activity to levels below 10%. 25, 26 the fda-approved drug diminazene (benzenecarboximidamide,4,4′-(1-triazene-1,3-diyl)bis-, dihydrochloride) identified in this study was shown to be the most effective in this group of compounds (table 1), and we selected it for further evaluation.
EC 50 and Lineweaver-Burk analysis
a lineweaver-burk (lb) plot was generated for five compounds that had the strongest effect on aCe2 (Suppl. Fig. S1 ). the plot suggests that both dmZ and Xnt bind outside the active site and increase V max ~4-fold and K m ~2-fold (Km aCe2 = 40 ± 1.46 µm, Km Xnt = 92 ± 14.55 µm, and Km dmZ = 82 ± 10.34 µm), but the exact mechanism of enhancement by these compounds might be different. the lb plot demonstrating effects of dmZ on initial velocity of aCe2 in the presence of varying concentrations of the drug is shown in Figure 4 . titration of aCe2 with diminazene (0.01-1000 µm) results in a biphasic dose-response curve illustrated in Figure 5 . at low concentrations, the enzyme is activated with an eC 50 of 8.04 µm, whereas at high concentrations, it is partially inhibited with an iC 50 of 200.01 µm. remarkably, even after the partial inhibition, aCe2 initial velocity remains significantly higher than in the absence of the drug. previously discovered Xnt and resorcinolnaphthalein (eC 50 = 20 ± 0.8 and 20 ± 0.4 µm) 13 produced only about 70% of the maximal increase in initial velocity of diminazene.
HPLC analysis of Ang II cleavage
it has been determined that vasoconstrictor peptide angiotensin ii (ang ii) is a preferred natural substrate for aCe2. 27 angiotensin 1-7 (ang 1-7), generated by enzymatic cleavage of ang ii, is one of the main effectors responsible for beneficial effects of aCe2 on the cardiovascular system. 28 Classical photoand fluororimetric methods could not provide accurate detection and quantification of ang 1-7 formation, and therefore we used a liquid chromatography/mass spectrometry (lC-ms)-based a 2-h incubation of 50 µm ang ii with 10 nm aCe2 in the presence of 50 µm dmZ resulted in a 1.5-fold increase in ang (1-7) formation compared to that in the absence of the drug. maldi-tof spectrometry was used to determine peak identities and confirmed the generation of ang (1-7) (899 m/z), which provides direct evidence for ang ii cleavage by aCe2. Figure 6 shows hplC chromatograms for aCe2 in the presence and absence of dmZ. 
dIScuSSIon
we designed a study that focuses on a newly discovered enzyme that is a key regulator of hypertension because high blood pressure is a frequently observed and documented offtarget effect. we targeted a specific structural pocket in the hinge-bending region of aCe2 (using the coordinates of the crystal structure of aCe2 in the open conformation) and found three fda-approved compounds that significantly modulated aCe2 activity: hydroxyzine (hXZ), minithixen (CtX), and diminazene (dmZ). hydroxyzine and minithixen act by increasing specificity for the synthetic substrate, which is reflected by reduction in K m (Km hXZ = 11 ± 1.0 µm, Km CtX = 14 ± 0.8 µm vs Km aCe2 alone = 40 ± 1.5 µm). in contrast, diminazene and labetalol produce a large increase in V max , which comes at a cost of loss in substrate specificity (Km dmZ = 82 ± 10.3 µm; table 1). these data are consistent with the hypothesis that aCe2 conformational changes associated with substrate binding and/or product release may be rate limiting. this becomes particularly important in proteolytic cleavage of longer substrates, where fast turnover might be more difficult to achieve.
the effectiveness of fda-approved diminazene as an aCe2 activator was confirmed by analysis of cleavage of the octapeptide angiotensin ii, which is considered the main effector of the renin-angiotensin system (ras) and the most physiologically significant natural substrate for aCe2. aCe2 eC 50 values for diminazene fall in the low micromolar range (8.0 µm) and demonstrate stronger response to this fda-approved compound than to Xnt, a non-fda-approved drug-like small molecule shown to reduce high blood pressure in the in vivo model systems. 13, 14 repurposing or repositioning is a strategy that takes advantage of the information available on drugs that have been approved for clinical use to enable their use in achieving therapeutic goals not intended originally. because new relevant drug targets are constantly emerging, strategies to validate their targeting in humans are urgently needed.
this study has implications on the specificity of some known drugs. for example, normodyne, a beta-blocker used to treat hypertension, enhances aCe2 activity in vitro. effects observed in vivo may be due to the interaction between this drug and a combination of molecular targets, possibly including aCe2. drugs that are useful in treating psychosis, such as minithixen, enhance aCe2 activity, suggesting that low blood pressure may be considered a possible side effect of this treatment due to the promiscuity of these agents. however, because minithixen is considered safe in humans, experiments may be designed to test its utility in treating hypertension. similarly, the antibacterial and antifungal drugs diminazene and hydroxyzine, respectively, enhance aCe2 activity, suggesting that these compounds, or related analogs, may be useful in controlling blood pressure. these findings suggest that identification of off-target proteins that fda-approved drugs modulate can be achieved by molecular docking. this strategy is both an informative way to illuminate possible undesired side effects and a rapid way to screen approved compounds for new clinical purposes.
FIg. 6. diminazene (dmZ) enhances cleavage of natural substrate angiotensin ii (ang ii). high-performance liquid chromatography (hplC) analysis of angiotensin ii cleavage was performed by incubating 10 nm angiotensin-converting enzyme 2 (aCe2) with 50 µm ang ii in the presence of 50 µm dmZ and in the absence of the drug. peptide products were separated by hplC, and their identities were assigned by matrix-assisted laser desorption/ionization (maldi). mass spectrometry confirmed the peak for ang (1-7) at 899 m/z. twohour incubation with dmZ resulted in a 1.5-fold increase in ang (1-7) formation compared to that in the absence of the drug (as determined by integrating area under the curve [aUC]).
FIg. 5.
angiotensin-converting enzyme 2 (aCe2) dose-response curve for activation with diminazene (dmZ). in total, 10 nm aCe2 was incubated with 10 nm to 1 mm diminazene for 5 min at 37 °C. the reaction was initiated by addition of fluorogenic peptide substrate mca-apK-(dnp)-oh and monitored for 15 min. diminazene enhances aCe2 activity in a dose-dependent manner with an eC 50 of 8.04 µm (concentration to achieve 50% increase in initial velocity). titration results in a biphasic dose-response curve: at low concentrations of dmZ, the enzyme is activated, whereas at high concentrations, it is partially inhibited with an iC 50 of 200 µm.
